Background: Intraoperative ultrasound is widely used in liver surgery, but primarily for diagnostic purposes. We have developed and evaluated a system for navigated liver resections using on intraoperatively acquired 3-dimensional (3D) ultrasound data. Methods: Navigation technique based on 3D ultrasound and an optical tracking system. Accuracy of the system was validated experimentally in a tumor model. Subsequently, clinical application was evaluated in 54 patients for resection of central liver tumors. Clinical feasibility and accuracy of the navigation technique were assessed with respect to practicability, adequacy of visualization, and precision of navigated resection (free margin). Results: Evaluation of the system in the tumor model showed a significant increase of the accuracy of navigated resections compared with conventional resection (P Ͻ 0.05). Clinical application of 3D ultrasound-based navigation was feasible in 52 of 54 patients. Sufficient visualization was obtained with 2 orthogonal section planes. This navigation strategy provided complete anatomic orientation and accurate position control of surgical instruments. Mean histologic resection margin was 9 mm with a maximum deviation of 8 mm from the planned virtual resection margins. Conclusions: Optoelectronic navigation with section mode visualization in 2 orthogonal planes does sufficiently display intraoperative 3D data and enables accurate ultrasound-based navigation of liver resections.
L iver resection has become increasingly safe as a result of considerable progress in equipment, technology, perioperative management, and surgical technique. 1 Intraoperative identification of the vascular tree, ie, hepatic and portal veins and the localization of the tumor remains essential for segment oriented surgical resection.
Preoperative 3-dimensional (3D) imaging techniques using computed tomography (CT) or magnetic resonance imaging (MRI) data offer perfect visualization of the anatomy. 2 However, 3D simulation models are mainly used for preoperative planning. Anatomic information cannot be transferred to the intraoperative situation directly, due to organ shift and deformation of the liver during mobilization for resection. 3 The most frequently used intraoperative imaging technique is ultrasound. It is generally available, and its diagnostic quality is continuously improving. The main objectives of intraoperative ultrasound during liver surgery are to determine tumor resectability, to localize nonpalpable tumors, and to guide surgical procedures. 4 Intraoperative imaging is particularly useful for resection of malignant liver lesions, 5 but at this time it is mainly used to detect additional metastases.
Two-dimensional ultrasound is mostly displayed on a monoscopic video monitor. Advanced 3D and four-dimensional visualization for guidance of interventional procedures has been only realized in tumor ablation and liver biopsy procedures. 6, 7 The spatial relationship of the needle and the target lesion was conceived more intuitively with 3D and four-dimensional ultrasonography and helped in adjusting the needle to an optimal position.
We have integrated 3D ultrasound and optoelectronic tracking into a strategy of navigated liver resection. Optoelectronic tracking was used for this study. Accuracy and precision of the system were first validated in a tumor model in an experimental setup. Then a clinical study was performed to evaluate feasibility, basic requirements of 3D ultrasound visualization, performance, and resection margins in relation to the surgical plan.
METHODS

Navigation Technique
Image-guided orientation was realized using 3D contact ultrasound (Voluson 730 ultrasound machine; GE Healthcare, Milwaukee, WI) with integrated volume rendering of Power Doppler. A Polaris infrared-based optical tracking system (Northern Digital Inc., Canada) was used for position measurement. A tracker equipped with retroreflective spheres was attached to the ultrasound probe (Voluson Abdominal transducer RAB 4 -8 (P); GE Healthcare), and the position of the probe was tracked by the Polaris system during acquisition of ultrasound data ( Fig. 1) .
Because of the preoperative calibration of the tracker position relative to the ultrasound image coordinates, these image coordinates were registered to the physical space and anatomic position of the surgical field. Retroreflective spheres were also attached to surgical instruments. Instruments were calibrated and registered on table and used as a pointer and navigated actuator. The position of the tracked instrument was visualized on the monitor and navigated in the virtual environment of the registered 3D ultrasound data ( Fig. 1 ).
Experimental Setup
A lifelike tumor model was created by embedding a 1-cm 3 silicon cylinder into the center of a muscle specimen. The ideal resection margin was specified as 2 cm distance from the tumor surface. Navigated surgery was performed with a tracked electrical scalpel (ValleyLab Inc., Boulder, Colorado, CO). The resected specimens were analyzed by helical CT imaging (GE Healthcare). A collimation of 1 mm, 1.5 pitch, and a reconstruction increment of 2 mm were used to measure deviation from the ideal resection margin. Results of navigated resections were compared with conventional resections based on palpatory findings. Data were analyzed with the SPSS for Windows Software (SPSS Inc., Chicago, IL). Differences were established with the Mann-Whitney U test, whereby P values Ͻ0.05 were considered statistically significant.
Clinical Application
Between July 2003 and December 2006, we selected 54 of 130 patients for 3D ultrasound-based navigated surgical resection: 34 men and 20 women with a median age of 61 years (range, 29 -78 years). Median tumor number was 2 (range, 1-7) with a median tumor diameter of 35 mm (range, 6 -160 mm).
Selected liver tumors were malignant or suspicious for malignancy and located in close vicinity to major vascular or biliary structures and/or small, intraparenchymal lesions, which were difficult to palpate. For exact planning of the procedure, preoperative CT or MRI or 3D ultrasound was conducted. Depending on the visibility of the tumor and vascular structures, 3D models of the liver surface and the vascular tree were created from one of the data sets with the visualization software Amira (Mercury Computer Systems Inc.). The models were used for vascular anatomy-oriented planning of the operation. 8, 9 Planned preservation of vascular structures and resection of liver parenchyma was documented in these 3D models. Virtual resection margins were defined as the shortest distance between the segmented tumors and the planned resection plane (Fig. 2) .
The surgical procedure began with exploration of the abdominal cavity for additional pathologic findings. After mobilization and exposure of the liver, screening was performed with conventional 2D ultrasound for additional undetected lesions. Accurate anatomic orientation and navigated resection were realized using the tracked 3D ultrasound probe ( Fig. 3a ) and the tracked ultrasonic surgical aspirator (CUSA Excel Ultrasonic Surgical Aspirator; Integra Radionics) ( Fig. 3b ).
We prospectively documented the complexity and practicability of the visualization and navigation device, the setup time, the operating time for navigation, and the histopathologic findings of the surgical specimen. Setup time was assessed from the startup of the ultrasound machine to the point, when the whole system was ready to use. Navigation time was defined to start with the diagnostic ultrasound examination and to end with the start of the liver dissection. Surgical resection margins were defined as the shortest distance from the tumor to the resection border in native inklabeled surgical specimen.
RESULTS
Experimental Accuracy
Six navigated and 6 conventional resections with a planned free margin of 2 cm were performed in the tumor model. Median deviation from the ideal resection margin was 0.16 cm and 0.42 cm with a standard deviation of 0.13 cm and 0.29 cm (P Ͻ 0.05). Results are displayed as boxplots ( Fig. 4 ).
Feasibility
In 2 patients, navigation could not be performed because of technical problems with the retroreflective spheres or with the ultrasound machine. Thus, resection was performed successfully with assistance of 3D ultrasound-based navigation in 52 of 54 patients (96%). Generally one additional person was required in the operating room to set up and 
Registration of 3D Ultrasound Data
The application of the probe was easily possible in the lower liver segments 2 to 6. But the tracked 3D ultrasound probe was quite bulky, and its application was sometimes difficult to accomplish vertically to the liver surface in segments 7, 8, 1, and 4a. In such a situation, particularly in patients with an acute costal arch, navigation was difficult. However, with some experience, 3D ultrasound data for surgical navigation could be achieved in all cases when the application angle of the ultrasound probe was adjusted. Longitudinal application of the ultrasound probe was preferred in vertical orientation to the liver surface over the tumor. If this could not be achieved, it was oriented vertically to the patient axis.
Visualization
Real-time visualization of 3 orthogonal ultrasound planes fixed to the tip of the tracked surgical instrument was not helpful. Constant movement of 3 section planes was confusing and made anatomic orientation difficult. Virtual orientation was best achieved with 2 section-planes, as it is impossible for the surgeon to observe multiple sections at the same time. Generally, 2 orthogonal planes, ie, longitudinal (or transverse) and coronal plane, were sufficient to obtain full spatial orientation ( Fig. 5 ). Tumor borders as well as color-coded vessels were displayed on these planes. Relevant anatomic structures like tumor borders and vessels in the tumor area were projected onto the liver surface and marked with a tracked electrocautery device used as a pointer and marker. For this action, the position of the transverse plane was frozen at the level of interest. To map the tumor borders, the transverse plane was set into the largest diameter of the tumor (Fig. 5a ). To map vessels, the plane was moved and tilted into the longitudinal axis of the vessel (Fig. 5b) . During resection with the tracked CUSA, the transverse plane was again set into the largest diameter of the tumor, and the coronal plane was tilted according to the declination of the resection plane and fixed to the tip of the CUSA handpiece.
Visualization was also available using volume-rendered imaging (Fig. 6a ). Intraoperative segmentation of 3D ultrasound data was possible, but rapid semiautomatic segmentation including the tumor could not be achieved (Fig.  6b ). 3D models obtained high quality with additional manual segmentation only, to be comparable with 3D simulation models basing on preoperative segmented CT data (Figs. 6c, 
Surgical Navigation
Surgical navigation required 20 minutes (range, 14 -45 minutes), including detailed ultrasound examination of the liver. During surgical resection, navigation control could not be achieved at the same time, as it was not possible to look on the liver and the navigation screen at the same time. Navigated liver resection was rather a repeated changeover between stepwise resection and repeated position control. However, multiplanar visualization of 3D ultrasound data allowed precise surgical preparation of anatomic structures and determined surgical dissection. Because of organ shifting, the precision of navigation decreased with progression of the resection procedure. Median registered sets of ultrasound data were 2 (range, 1-6).
Resection Margins
Planned virtual resection margins on preoperative 3D models were 10 mm (range, 1-12 mm). Planned resection margins less than 10 mm were accepted and considered adequate when the tumor was in close connection to the portal vein or the vena cava. However, histologic examination revealed 3 patients with tumor at the surgical resection margin. In 2 patients marginal resection was considered adequate with tumors in contact with the portal vein and the vena cava. In another patient, tumor invasion was found at the right portal vein after trisectorectomy. Median histologic resection margins were 9 mm (range, 0 -15 mm). Maximum and mean deviation from the planned virtual resection margin was 8 mm and 13 mm.
DISCUSSION
Intraoperative ultrasound has become an indispensable tool for liver resections and can modify the surgical strategy because of additional findings in a considerable number of patients. 10 -14 It can also provide more safety with respect to tumor-free resection margins and can support the preservation of vessels close to the tumor. 15 However, real-time image guidance is only possible with contact ultrasonography on the liver surface, which prevents surgical dissection of liver parenchyma at the same place. Therefore, surgeons continue to operate intuitively. They can transfer the information of imaging data to the surgical field only after ultrasonography.
3D ultrasound offers improved orientation in a virtual environment of imaging data, 6, 7, 16 and its combination with navigation technology could be a promising technique for liver resection. Simultaneous localization of ultrasound data and surgical instruments enable the transfer of anatomic orientation directly to the individual patient. In this study, optoelectronic tracking was chosen for navigated resection of liver tumors because it has proved higher precision than the electromagnetic tracking technique. 17 In a laboratory setting for neuronavigation, the accuracy of optoelectronic navigation was found to be 1.40 Ϯ 0.45 mm (arithmetic mean). 18 In the presented experimental evaluation of 3D ultrasoundbased navigation, we found a median deviation from the proposed security margin of 1.60 Ϯ 1.30 mm. The navigated resection of a poorly palpable tumor with a free resection margin of 2 cm in a tissue model was significantly more accurate than conventional resections (P Ͻ 0.05). These data confirmed a high accuracy of optoelectronic navigation with ultrasound data and justified clinical evaluation of the system in patients with liver tumors.
In the clinical study, 54 of 130 patients with liver tumors (41%) were considered to be good candidates for intraoperative navigation because the lesions were adjacent to major vessels or impalpable. This proportion appears rather high and may only be observed in tertiary referral centers with a high number of complex cases.
3D ultrasound-based navigation was feasible in the majority of patients (96%), and technical problems occurred only in 2 cases. In this series, navigated surgery was performed with additional staff in the operating room. However, with additional experience, the surgical team presumably can manage the navigation system without ancillary personnel. Setup time of the system and intraoperative navigation time were approximately 20 minutes, which appears to be reasonable. Free line of sight between tracking camera and tracked devices had to be preserved during navigation to avoid any interruption of the registration process. Therefore, an optical gate control sign should be implemented to the navigation monitor, which allows the detection of any interruption of the optoelectronic tracking directly.
We found that multiplanar imaging on a monoscopic monitor is efficient for navigation purpose. Section mode visualization in 2 orthogonal section planes does sufficiently display the position of instruments during navigated liver resection. A sophisticated arrangement and exposure of the section planes focusing on a small limited operation area are advisable. Using this technique, surgeons can rapidly understand the anatomy of the vascular tree in relation to the tumor. They can maintain the planned dissection plane and can identify vascular structures within the dissection plane. In the future, rapid segmentation procedures for 3D ultrasound data could improve navigation by intraoperatively updated 3D models. Currently, high-quality models can only be obtained with additional manual segmentation (Fig. 6 ), which cannot be accomplished within a reasonable time during the operation.
Three-dimensional ultrasound based optoelectronic navigation provided improved intraoperative anatomic orientation. Resections could be performed with vessels and bile ducts oriented away from the tumor, so that these structures could be preserved. Ultrasound data could be updated in a few seconds, whenever the position of the liver or patient was changed. The dissecting surgical instruments became virtual actuators under continuous position control.
The results are encouraging in these selected complex cases. In the presented series of patients, with tumors located in close vicinity to major vascular or biliary structures, resection margins were free in 94% of the patients. Inade-quate margins were observed in 3 patients only (6%). In the literature, tumor-involved resection margins are reported in up to 30% of cases and vary depending on the type of resection and the localization of the tumor from 2% to 16% in referral centers. 19 -21 The advantage of using updated ultrasound for navigation is the topicality of the data. By recording 3D data intraoperatively, liver lesions and additional findings are localized directly and are ready for navigation immediately. Anatomic shifting, a major limitation for navigated surgery in soft tissue, 22 due to positioning of the patient or mobilization of the liver, is exactly registered. Clearly, ultrasound is only feasible for tumors that can be identified by ultrasound; therefore, rapid fusion of intraoperative and preoperative CT, MRI, or PET data will be necessary for optimal localization and navigation.
Further investigations are necessary to evaluate the clinical value of the described method. 23 Future improvements should focus on continuous navigation and improved visualization. Electromagnetic tracking of landmarks and visualization media, such as holography and the virtual retinal display, may possibly be favorable. 24 -26 Further developments will also be necessary to adapt navigation technique to minimally invasive liver surgery with its special need for assistance due to the lack of sense of touch and haptic feedback. 27 
